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■ INTRODUCTION
Complex metallic alloys (CMAs) generate broad scientific interest for their structural complexity, solid solution behavior, and physical features that are different from those of normal metallic alloys. 1 They are generally characterized by extremely large unit cells containing tens to thousands of atoms that condense into a packing of well-defined clusters. These clusters often display partial chemical disorder and/or ordered vacancies, which can also influence the thermoelectric characteristics of CMAs. 2 Their electronic densities of states (DOS) are frequently characterized by pseudogaps or, perhaps, even small gaps at their Fermi levels, features that create unusual electronic transport mechanisms compared to those of normal metals. 3 The stability ranges of certain families of CMAs are frequently identified by specific electron-to-atom (e/ a) ratios, which are generally called Hume−Rothery rules and validated by the presence of pseudogaps. 3 Among the numerous complex intermetallic structures known, the γ-brasses have arisen as a superb platform for chemical and theoretical investigations from which to improve our understanding of the unusual chemistry and physics of CMAs. 4 The structures of γ-brasses consist of a body-centered cubic packing of 26-atom clusters built of four concentric atomic shells: (i) an inner tetrahedron (IT), (ii) an outer tetrahedron (OT), (iii) an octahedron (OH), and (iv) a distorted cuboctahedron (CO). Mizutani has identified three groups of γ-brasses according to their constituent elements: (I) a monovalent noble metal with a polyvalent metal or metalloid whose valency is well-defined, e.g., Cu 5 Zn 8 and Cu 9 Al 4 ; (II) a 3d metal (V, Mn, Fe, Co, or Ni) with either a divalent (Be, Zn, or Cd) or trivalent (Al or In) metal; and (III) non-transition metals. 3 Group I γ-brasses follow a Hume−Rothery valence electron counting rule exceedingly well, existing for e/a = 21/ 13 = 1.62 if just the valence s and p electrons are considered, whereas those in group III do not obey this "rule". However, even systems in group I exist over a range of e/a values, such as γ-brasses in the Cu−Zn system, which has been determined by neutron diffraction to occur for e/a values of 1.57(3)−1.68 (3) . On the other hand, evaluation of e/a values for the group II γ-brasses requires knowledge of the valence electrons contributed by each 3d metal, values that remain controversial. Thus, electronic structure calculations are valuable aids for interpreting the stability of these Hume−Rothery phases. 3, 5 Using the group I γ-brasses, Mizutani has demonstrated how a pseudogap is generated in the electronic DOS curves by the interaction between nearly free electron states at the Fermi surface (Fs), which have critical wavevectors G that are located close to the Brillouin zone (Bz) surfaces associated with the structure, 6 a phenomenon called a FsBz-induced pseudogap. To create the energetic driving force for phase stability, the pseudogap must be sufficiently deep, and its width should justify the phase widths observed in CMAs. For group I γ-brasses in particular, Mizutani has shown that the critical wavevectors occur for |G| 2 = 18, which include the sets of {330} and {411} lattice planes, and from which an e/a value of ∼1.60 emerges, in agreement with the Hume−Rothery rule. A similar analysis applied to group II γ-brasses Co 2 Zn 11 and Fe 2 Zn 11 indicates that the FsBz interactions involving |G| 2 values of 18 and 22 occur to avoid the 3d band of Co or Fe. These interactions form bonding and antibonding states near the bottom and top, respectively, of the 3d band and are called dstate-mediated FsBz interactions. 7, 8 The corresponding e/a values of 1.73 for Co 2 Zn 11 and 1.80 for Fe 2 Zn 11 lead to Co and Fe valences of 0.26 and 0.70, respectively.
However, a clear understanding of the possible phase widths in these group II γ-brasses remains elusive, and some features of the DOS curve of Co 2 Zn 11 suggest the possibility of magnetic properties of suitably doped phases. Thus, with these goals in mind, we have undertaken a thorough crystallographic investigation of the Co−Zn γ-brass region and, with the aid of electronic structure calculations, have proposed a pattern of chemical substitution using Pd that has led to the discovery of unprecedented ferrimagnetic γ-brasses.
■ EXPERIMENTAL CHARACTERIZATION AND COMPUTATIONAL DETAILS
Phase Analysis. All samples were examined by powder X-ray diffraction for identification and phase purity on a STOE WinXPOW powder diffractometer employing Cu radiation (λ Kα = 1.5406 Å). The scattered intensities were recorded as a function of Bragg angle (2θ) using a scintillation detector with a step size of 0.03°in step scan mode, ranging from 0°to 130°. The lattice parameters were refined by full-profile Rietveld refinements 9 using LHPM RIETICA 10 from reflection peaks between 5°and 90°in 2θ.
Structure Determination. Single-crystal data were measured using a Bruker Smart Apex CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å). Data were collected over a full sphere of reciprocal space with 0.5°scans in ω with an exposure time of 10 s per frame. The 2θ range extended from 6°to 64°.
11 SMART software was used for data acquisition. Intensities were extracted and corrected for Lorentz and polarization effects with SAINT. Empirical absorption corrections were accomplished with SADABS, which is based on modeling a transmission surface by spherical harmonics employing equivalent reflections with I > 3σ(I).
12 With the SHELXTL package, the crystal structures were determined using direct methods and refined by full-matrix least squares on F 2 . 13, 14 Because mixed site occupancies are prevalent in these phases, different permutations and combinations were used to obtain the best refinement results and the refined statistical agreements were tested using the Hamilton test.
15 All crystal structure drawings were produced using Diamond. 16 Scanning Electron Microscopy (SEM). Characterization was completed using a variable-pressure scanning electron microscope (JEOL 5610v) and energy-dispersive spectroscopy (EDS). Samples were mounted in epoxy, carefully polished, and then sputter-coated with a thin layer of carbon prior to being loaded into the SEM chamber. The samples were examined at 20 kV. Spectra were recorded for 60 s. An Oxford Instruments Tetra backscattered electron (BSE) detector was used to image the samples using the BSE signal. Multiple points were examined in each phase within multiple grains of a specimen. Compositional estimates were calculated using Oxford's SEM Quant software to correct intensities for matrix effects.
Magnetization Measurements. The magnetization measurements were performed using superconducting quantum interference device (SQUID) magnetometer MPMS XL-7 and vibrating sample magnetometer (VSM) EV11 manufactured by Quantum Design, Inc., on pieces of γ-brass type single crystals. Measurements using the SQUID were performed over a temperature range of 2−300 K and in applied fields of up to 70 kOe. The samples were placed in glass capsules for measurement. Measurements using the VSM were taken from 300 to 700 K at 10 kOe.
Electronic Structure Calculations. Tight-Binding, Linear Muffin Tin Orbital Atomic Spheres Approximation (TB-LMTO-ASA). Calculations of the electronic and possible magnetic structures were performed by TB-LMTO-ASA using the Stuttgart code. 17 Exchange and correlation were treated by the local density approximation (LDA) and the local spin density approximation (LSDA). 18 In the ASA method, space is filled with overlapping Wigner−Seitz (WS) spheres. The symmetry of the potential is considered spherical inside each WS sphere, and a combined correction is used to take into account the overlapping part. The WS radii were 1.54 Å (Co), 1.49 Å (Zn), and 1.51 Å (Pd). No empty spheres were necessary in the γ-brass structures, and the WS sphere overlaps were limited to no larger than 16%. The basis set for the calculations included Co (4s, 4p, 3d), Zn (4s, 4p, 3d), and Pd (5s, 5p, 4d) wave functions. The convergence criterion was set to 10 −4 eV. A mesh of 8 × 8 × 8 k points in the irreducible wedge of the first Brillouin zone was used to obtain all integrated values, including the density of states (DOS) and Crystal Orbital Hamiltonian Population (COHP) curves. 19 Vienna ab Initio Simulation Package (VASP). Structure optimization and charge density calculations were completed using VASP, 20 which employs projector augmented-wave (PAW) 21 pseudopotentials that were adopted with the Perdew−Burke− Ernzerhof generalized gradient approximation (PBE-GGA), 22 in which scalar relativistic effects are included. For structural optimization, the conjugate gradient algorithm was applied. The energy cutoff was 400 eV. Reciprocal space integrations were completed over a 7 × 7 × 7 Monkhorst-Pack k point mesh with the linear tetrahedron method. 23 With these settings, the calculated total energies converged to <0.1 meV per atom.
Extended Huckel Theory. An analysis of the crystal orbitals in Co 2 Zn 11 was accomplished using semiempirical extended Huckel theory. 24 All orbital overlaps were included over two nearest neighbor unit cells. Two different minimal basis sets involving Slater type single-ζ functions for 4s and 4p orbitals and double-ζ functions for 3d orbitals were applied. The parameters for Zn are as follows: for 4s, ζ = 2.01 and H ii = −12.41 eV; and for 4p, ζ = 1.70 and H ii = −6.53 eV. The parameters for Co are as follows: for 4s, ζ = 2.00 and H ii = −8.21 a Abbreviations: PXRD, powder X-ray diffraction; SCXRD, single-crystal X-ray diffraction; SEM-EDX, electron microscopy. a U eq is defined as one-third of the trace of the orthogonalized U ij tensor (in square angstroms). eV; for 4p, ζ = 2.00 and H ii = −3.00 eV; and for 3d, ζ 1 = 5.55 (c 1 = 0.5679), ζ 2 = 2.10 (c 2 = 0.6059), and H ii = −10.50 eV. The Co parameters were modified to provide the best fit to the results of firstprinciples calculations.
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■ BINARY CO−ZN γ-BRASSES
We begin with a thorough reinvestigation of the binary Co−Zn system in the Zn-rich region where γ-brass phases occur. Synthesis and Phase Analysis. Co−Zn γ-brass type phases were obtained by a fusion of mixtures of Co pieces (99.9%, Ames Laboratory) and Zn particles (99.99%, Alfa Aesar) loaded at 15.5, 18.1, 24.9, 30.0, and 32.5 atom % Co (see Table 1 ). Each reactant mixture, ∼500 mg total, was sealed into an evacuated silica tube (<10 −5 Torr), heated to 800°C for 24 h, cooled to 500°C at a rate of 1°C/min, and annealed at this temperature for 3 days, after which the container was slowly cooled in the furnace. The products obtained from 15.5 to 30.0 atom % Co yielded a single-phase γ-brass. When the loading exceeded 30 atom % Co, a β-Mn type Co−Zn phase appears as a second phase. 25 All products summarized in Table  1 are stable toward decomposition in air and moisture but react with dilute acid at room temperature.
As mentioned above, the e/a ratios for these group II γ-brasses require knowledge of the number of valence electrons assigned to the 3d metal. For the series of Co 2+x Zn 11−y phases characterized by single-crystal X-ray diffraction, if we use the valency of 0.26 assigned to Co from Mizutani's analysis of Co 2 Zn 11 , then the observed phases exist for e/a values ranging from 1.62 to 1.73, values that are consistent with regions of other γ-brass phases. Furthermore, as the Co content increases, the e/a value and the total valence electron count decrease.
Atomic Ordering and Vacancies. Tables 2 and 3 summarize the crystallographic data and structural parameters refined from single-crystal X-ray diffraction investigations using samples obtained from each single-phase product. Figure 1 illustrates the refined crystal structure of Co 2 Zn 11 (15.4 atom % Co) in which Co atoms preferentially occupy the OT sites, whereas Zn atoms are exclusively on the IT, OH, and CO sites of the 26-atom γ-brass cluster located at the unit cell corners and center. With an increasing Co content, the additional Co atoms occupy the OH (12e) sites, while vacancies become apparent on the IT sites. Instead of vacancies at the IT sites, a second model involving a mixture of Co and Zn atoms was examined, but this refinement generated large standard deviations for the occupancies. A Hamilton test 15 comparing these two models yielded the vacancy/Zn mixture to show a statistically significant improvement, at the 0.5% significance level on the crystallographic R factor, over the Co/Zn mixture at the IT sites. It was also brought to our attention that residual electron density could be observed at the center of the 26-atom γ-brass cluster when vacancies occur at the IT sites, 26 but the Fourier maps revealed no additional electron density in the structures of these Co 2+x Zn 11−y phases. Table 3 also indicates that the equivalent isotropic displacement parameter of the 8c (OT) sites is always lowest among the four positions in the asymmetric unit, a result that is consistently observed among γ-brasses. Previous structural reports 27−30 of γ-brasses containing Ni, Pd, or Pt with Zn or Cd describe a similar pattern of atomic ordering of the d metals, i.e., Co vis-a-vis Ni, Pd, or Pt preferentially at the OT sites, and the occurrence of vacancies at the IT sites as the d metal concentration increases. To examine the occurrence of vacancies by independent means, the densities of two rod-shaped specimens (∼0.2 g) extruded from samples prepared at 24.86 atom % Co were measured using the Archimedes principle. 31 When the unit cell volume determined by X-ray powder diffraction (see Table 1 ) is taken into account, the measured density of 7.6(1) g/cm 3 (7.788 g/cm 3 is the theoretical density) suggests a deficiency of 1.3(6) atoms of 52 per unit cell, or 1.3−3.7%. Refinements of single-crystal X-ray diffraction on three specimens extracted from this sample yielded ∼20.5(1) atom % Co with ∼0.3(1) vacancy per unit cell (0.4−0.8%). Because errors in the volume measurement can arise from imperfect packing of crystalline grains, such density measurements typically underestimate the theoretical density. In fact, intermetallic compounds showing ∼8−10% defects from similar density measurements 32 are generally considered to be defect-free. Therefore, our assessment of vacancies at the IT sites arises from statistical analysis of the refinements of the single-crystal diffraction data.
To examine the site preference of Co atoms on the OT sites in Co 2 Zn 11 by quantum chemical approaches, two models of Co 2 Zn 11 were constructed, one in which Co atoms are located at the IT sites and another in which Co atoms are located at the OT sites. These two models were compared by total energy versus volume curves between 10 and 19 Å 3 /atom using VASP (see Figure S1 of the Supporting Information). To avoid any influence on the total energies by distance variations, the coordinates obtained from single-crystal data (see Table 3 ) of Co 2 Zn 11 were used for both models. The minimal total energy of Co 2 Zn 11 with Co at the OT site is 65.8 meV/atom lower than the minimal energy of the alternative model, in agreement with the experimental results, and there is no crossing between the two E(V) curves over the entire volume range. In addition, the calculated optimal volume of Co 2 Zn 11 (13.91 Å 3 /atom) is in excellent agreement with experiment (13.95 Å 3 /atom) and is smaller than the optimal volume of "Co 2 Zn 11 " with Co atoms on the IT sites (14.14 Å 3 /atom). This site preference or "coloring" problem for two elements on different crystallographic sites is driven by optimizing the "site energy" and the "bond energy". 33 To examine the site energy, we analyzed the Mulliken populations for the four different crystallographic positions in the γ-brass structure using the extended Huckel theory with Ni, Cu, and Zn parameters at every site. The minimal basis sets for Ni and Cu included 3d, 4s, and 4p atomic orbitals; that for Zn used just 4s and 4p orbitals. Over the range of e/a values observed for the Co−Zn γ-brasses, the Ni and Cu basis sets gave preferences to the IT and OT sites for the Co atoms, which have valence electron counts lower than that of Zn. The Zn basis set essentially gives the OT site as the preferred site for Co atoms (see Figure S2 of the Supporting Information). The bond energy term is evaluated by comparing the crystal orbital Hamilton population (COHP) curves for the two structural models of Co 2 Zn 11 . These curves, illustrated in Figure S3 of the Supporting Information, show that there are strong Co−Co antibonding interactions at the Fermi level for Co atoms at the IT sites; this antibonding interaction is significantly alleviated when Co atoms are located at the OT sites. Therefore, placing Co atoms at the OT sites in Co 2 Zn 11 is driven by both site energy and bond energy terms in the total electronic energy.
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For binary Co−Zn γ-brasses formulated as Co 2+x Zn 11−y , refinements indicated that x Co atoms replace x Zn atoms at the OH sites while y − x vacancies occur at the IT sites. These two outcomes were examined using VASP on two model structures: (i) "Co 9 Zn 43 In agreement with our experimental refinements, we find that the OH site is preferred for Co atom substitution, whereas the IT site is preferred for vacancy formation. At this point, however, further theoretical investigations are required to fully understand the correlated occurrence of Co substitution and vacancy formation as the e/a ratio decreases.
Electronic Structure. Figure 2 illustrates the total electronic DOS curve calculated using the TB-LMTO-ASA method with LDA for Co 2 Zn 11 (space group I4̅ 3m; Z = 2 in the primitive cell), in which the OT sites are completely occupied by Co atoms and all other sites by Zn atoms. The qualitative features obtained by this calculation closely resemble the DOS curve obtained using the FLAPW method. 3, 34 States that are 2−6 eV below the Fermi level (E F ) arise primarily from 4s and 4p orbitals of Zn, whereas the Zn 3d band is narrow and located ∼7−8 eV below E F . The contribution of Co valence orbitals to the DOS curve, as shaded in Figure 2 To analyze the energetic pattern of crystal orbitals of Co 2 Zn 11 from the perspective of the 26-atom γ-brass cluster, extended Huckel theory 24 was applied using two different atomic orbital basis sets: (i) only 4s and 4p orbitals on all atoms and (ii) 4s, 4p, and 3d orbitals on Co at the OT sites and only 4s and 4p orbitals on Zn atoms. The primitive unit cell contains one 26-atom γ-brass cluster, Co 4 Zn 22 . Figure 3 illustrates the crystal orbital energy diagrams for the two cases evaluated at the Γ point (point symmetry T d ) with orbital energies given relative to the corresponding Fermi levels. As indicated by the band structure in Figure 2 , dispersion throughout the Brillouin zone will create the quasi-continuous DOS curves. These Γ-point energy diagrams provide a rationale for the Hume− Rothery valence electron counting rule for these γ-brasses, as well an interpretation of the features of the DOS near E F for Co 2 Zn 11 (Figure 2 ). In the sp-only model (i), 19 cluster orbitals clearly occur below E F at Γ, but dispersion toward the zone boundaries causes ∼3−5 orbitals from the unoccupied t 2 and t 1 levels to undergo decreases in energy, cross E F , and create the broad pseudogap. Thus, this scenario leads to ∼20−22 (on average) filled cluster valence s and p orbitals throughout the entire Brillouin zone, a result that leads to e/a values of 1.54− 1.69 (=40−44 e − /26 atoms) and is consistent with the FsBzinduced pseudogap for group I γ-brasses like Cu 5 Zn 8 . 3, 6 When valence 3d orbitals are included at the Co atoms, the additional pseudogap emerges within the Co 3d band by splitting these 20 3d-centered crystal orbitals into 15 at lower energies and 5 (e + t 2 ) at higher energies. The peak near E F in the DOS curve for Co 2 Zn 11 corresponds to these 5 (e + t 2 ) states, which are Co− Zn antibonding between all Co−Zn near neighbor contacts. Thus, the electronic structures of group I and II γ-brasses can also be interpreted using a "molecular orbital" perspective, and not just via the nearly free electron model.
■ PD DOPING IN γ-BRASS CO 2 ZN 11
Analysis of the electronic structure of the group II γ-brass compound Co 2 Zn 11 , specifically the two pseudogaps in the DOS curve at 292 and ∼302−304 e − /primitive cell, inspired us to investigate their electronic versatility by targeting new ternary derivatives. To accomplish this chemistry, we selected Pd as the ternary component because its absolute electronegativity (4.45 eV) 35 and size (1.37 Å) match those of Zn (4.45 eV and 1.37 Å, respectively), whereas its chemical hardness (3.89 eV) resembles that of Co (3.60 eV). Our goal to adjust the total valence electron counts in these γ-brasses is accomplished by considering Pd substitutions for both Co and Zn positions because Pd has one more d electron than Co but two fewere valence electrons than Zn. In addition, because bulk Pd with filled 4d orbitals is Pauli paramagnetic but can become ferromagnetic if expanded, 36, 37 some interesting magnetic phenomena are anticipated.
Synthesis and Phase Analysis. In light of the occurrence of pseudogaps at 292 and ∼302 e − in the DOS curve for Co 2 Zn 11 (see Figure 2) , two samples loaded as "Co 2 (Pd 2 Zn 9 )" (292 e − ) and "(CoPd)Zn 11 " (302 e − ), along with three others with intermediate electron counts and variable Co:Pd ratios, were reacted to synthesize our target compounds (see Table 4 ). Upon analysis of the results of reactant mixture "Co 2 Pd 2 Zn 9 " (292 e − ), a sixth sample that mimicked the refined composition was prepared. Each reactant mixture, ∼500 mg total, was sealed into an evacuated silica tube (<10 −5 Torr), heated to 1000°C for 24 h, cooled to 600°C at a rate of 1°C/min, and annealed at this temperature for 3 days, after which the container was slowly cooled in the furnace. In general, synthetic attempts to a Refined compositions are expressed with respect to γ-brass formalism. Abbreviations: VE, total valence electron count per unit cell; PXRD, powder X-ray diffraction; SCXRD, single-crystal X-ray diffraction; SEM-EDX, electron microscopy. + and ++ signify additional phases seen by PXRD. Crystalline specimens suitable for single-crystal Xray diffraction analysis were extracted from the two single-phase products. For the loaded composition "CoPdZn 11 ", the refined composition agreed closely with the loading, i.e., Co 0.92(2) Pd 1.08 Zn 11 , with Co and Pd atoms sharing the OT (8c) sites and Zn atoms fully occupying all other (IT, OH, and CO) sites. The corresponding number of valence electrons for this compound is 302.2(4) electrons per unit cell, which corresponds closely to the position of the pseudogap around 0.5 eV in the total DOS of Co 2 Zn 11 . For loaded composition "Co 2 Pd 2 Zn 9 ", however, the refined crystal structure is Co 2.50(1) Pd 2.50 Zn 8 , with Co and Pd atoms mixing on the OT (8c) and OH (12e) sites and the other two (IT and CO) sites occupied exclusively by a Zn atom, as shown in Figure 4 . The results of these crystal structure refinements are summarized in Tables 5 and 6 . The outcome of phase analysis of Co−Pd−Zn γ-brasses and refinements from single-crystal X-ray diffraction indicate that Co and Pd mix on the OT sites at low concentrations but then combine at both the OT and OH sites at high concentrations. The Mulliken population analysis described above for site preferences in the Co−Zn γ-brasses may also be applied here to evaluate the site energy term of the total electronic energy (see also ref 38) . Again, the OT site is clearly favored for the element(s) with a lower valence electron count, i.e., Co and Pd. Moreover, the next favored site for substitution with Co and/or Pd atoms is the IT site according to this model, but these sites are occupied solely by Zn atoms. Thus, it is the bond energy term of the total electronic energy that influences the preferred occupation for Co and Pd atoms at the OH rather than the IT sites at higher Co/Pd concentrations.
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Electronic Structures of "Co 2.5 Pd 2.5 Zn 8 ". TB-LMTO and VASP calculations using both LDA and LSDA were applied to two hypothetical ordered models of "Co 2.5 Pd 2.5 Zn 8 " (see Figure  5 ), both of which took into account the observed site preferences from single-crystal X-ray diffraction. Although diffraction results indicated an I-centered cubic unit cell, these two models utilized primitive lattices by decorating the OT and OH sites of the two 26-atom γ-brass clusters in different ways (in all clusters, Zn atoms fully occupied the IT and CO sites as seen experimentally). In Figure 6 , the LDA-based DOS curves and the corresponding OT−OH and OH−OH COHP curves for both models are illustrated for an energy range between −6 and 2 eV relative to their Fermi levels. When compared to the DOS curves of other γ-brasses, 3,39 they also show the broad pseudogap in the DOS between 1 and 2 eV corresponding to e/a values ranging from 1.55 to 1.73 Upon application of the LSDA, the electronic structures of both models converged to new and different magnetically ordered ground states. In both cases, the total magnetic moments arise primarily from net unpaired spins at the Co atoms with small moments arising at Pd and Zn sites (see Magnetic Properties of Co−Zn and Co−Pd−Zn γ-Brasses). The DOS curves for the majority-spin and minority-spin wave functions, shown in Figure 7 , clearly illustrate this outcome because the Co-projected DOS curves are quite unsymmetrical . This low susceptibility leads to a magnetic moment μ of ≈0.06(1) μ B and a low-temperature magnetization that should vary linearly with magnetic field, which is verified in Figure 8 . For the sample with more Co, Co 2.66(2) Zn 10.29(3) , the magnetic susceptibility follows Curie−Weiss behavior with an effective moment per Co a U eq is defined as one-third of the trace of the orthogonalized U ij tensor (in square angstroms). T h e is o t h e r m a l m a g n e t iz a t i o n c u r v e s o f t h e Co 2.50(1) Pd 2.50 Zn 8 sample measured at 2 and 300 K indicate the sample is ferromagnetic. Saturation is achieved at ∼7.0 kOe. The saturation moments are 0.88(5) μ B /f.u. at 2 K and 0.80(5) μ B /f.u. at 300 K (1 f.u. = 13-atom "formula unit", which is typically written for γ-brasses). Ferromagnetic behavior of this sample is also confirmed by temperature-dependent magnetization measured at 1 kOe (see Figure S11 of the Supporting Information). Moreover, temperature-dependent magnetic susceptibility measurements from 300 to 700 K (see Figure  S9 of the Supporting Information) can be divided into two parts: (i) from 300 to 450 K during which the magnetic moment decreases from ∼2.3 to ∼1.8 μ B /f.u. and (ii) from 500 to 700 K during which the magnetic moment decreases slightly from ∼1.8 to ∼1.7 μ B /f.u. The larger magnetic susceptibility of the Co 2.50(1) Pd 2.50 Zn 8 sample as compared to that of the binary Co−Zn γ-brasses is presumably caused by enhanced Stoner ferromagnetism upon addition of Pd to the system. 40−42 According to the LDA-based DOS curves for Co 2 Zn 11 ( Figure  2 ) and the two models of Co 2.5 Pd 2.5 Zn 8 (Figure 6 ), the density of states at the Fermi level, N(E F ), per atom increases from 0.623 eV −1 in the binary case to 2.25 eV −1 (averaged) in the ternary case. Moreover, the two stages of magnetic response above room temperature may arise because different magnetically active sites will have their own different Curie temperatures. 43 These data are not enough to make a clear judgment about the magnetic properties of Co 2.5 Pd 2.5 Zn 8 at high temperatures.
As mentioned above, LSDA calculations of models (a) and (b) of Co 2.5 Pd 2.5 Zn 8 yielded spontaneous magnetization arising primarily from net unpaired spins at the Co atoms and with different magnetically ordered ground states, which are illustrated in Figure 9 . Using the Co partial DOS curves for both models with an intra-atomic exchange parameter for Co of 0.49 eV, 44 ,45 the Stoner condition for ferromagnetism is satisfied to a first approximation because N (a) (Co) = 2.21 eV −1 and N (b) (Co) = 3.20 eV −1 at E F . In model (a), which has Co and Pd atoms on both 26-atom γ-brass clusters in the cubic unit cell, the local moments on the two different sets of Co atoms are antiferromagnetically aligned: 1.39 μ B at OH sites for the cluster at ( 1 / 2 , 1 / 2 , 1 / 2 ), −0.78 μ B at the OT sites for the cluster at (0, 0, 0), and a total magnetic moment of 2.76 μ B /f.u., which corresponds to 0.52 μ B /Co atom. In model (b), with Co and Pd segregated onto different clusters, the Co moments are ferromagnetically aligned: 1.50 μ B at OH sites and 1.31 μ B at the OT sites for the cluster at (0,0,0) and a total magnetic moment of 6.63 μ B /f.u., which corresponds to 1.42 μ B /Co atom. To evaluate the total moments, the Pd and Zn atoms are slightly polarized (see Table S4 of the Supporting Information for a complete list of these calculated moments). Because the results of single-crystal X-ray diffraction on Co 2.5 Pd 2.5 Zn 8 gave no clear evidence of any long-range ordering of Co and Pd atoms among the OT and OH sites of the 26-atom γ-brass clusters, the observed saturation moments of 0.80(5)−0.88(5) μ B /f.u. from 300 to 2 K are consistent with the results of these LSDA calculations. In particular, theory suggests ferromagnetically coupled Co atom moments within a cluster and antiferromagnetically coupled Co atom moments between neighboring clusters. The occurrence of ferromagnetic (or ferrimagnetic) behavior in Co 2.5 Pd 2.5 Zn 8 seems to arise from both the change in the valence electron count and the presence of valence orbitals introduced by Pd atoms. Additional experiments and theoretical calculations are warranted, however, to assess fully the nature of these through-space and through-bond interactions. 
■ SUMMARY
The group II γ-brasses in the Co−Zn system were shown to exist over a homogeneity range of Co 2+x Zn 11−y □ y−x that included a low concentration of vacancies as the Co content increased as well as clear site preference of Co atoms for the OT and OH sites. Stoichiometric Co 2 Zn 11 is Pauli paramagnetic, whereas it becomes Curie−Weiss paramagnetic with an increase in Co content. As an alternative interpretation to the FsBz interaction to stabilize the γ-brass structure for Co 2 Zn 11 , a molecular orbital-based model shows that the bcc packing of 26-atom Co 4 Zn 22 γ-brass clusters also accounts for its stability. Inspired by the electronic structure calculated for Co 2 Zn 11 , substituting Pd atoms for Zn or Co atoms in the Co− Zn system led to the discovery of a ferromagnetic (ferrimagnetic) Co 2.5 Pd 2.5 Zn 8 γ-brass compound with Co and Pd atoms occupying the OT and OH sites. States at the Fermi level of this ternary compound arise mostly from Co 3d orbitals, and form spontaneous magnetic moments in two distinct structural models. Magnetization measurements indicate ferromagnetic or ferrimagnetic behavior, while theory predicts ferromagnetic Co−Co intracluster interactions but antiferromagnetic Co−Co intercluster interactions.
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